INTRODUCTION 19
Connexins are integral building blocks of gap junctions (Li et al., 2002; Laird, 2014; 20 Sorgen et al., 2018) , which are intercellular channels that permit diffusion of small (<1 21 kDa) molecules and ions between cells (Goodenough et al., 1996; Mese et al., 2007;  gap junction-independent roles, including binding and organizing cytoskeletal and 38 signaling components as well as regulating junctional conductance and voltage sensitivity 39 (Dbouk et al., 2009; Delmar et al., 2018; Sorgen et al., 2018) . Not surprisingly, connexins 40 have been implicated in many human diseases involving a variety of tissues, including 41 cancer metastasis, although cancer preventative roles have also been ascribed to gap 42 junctions in certain tissue types, highlighting the dynamic nature of gap junction 43 interactions and function (Davy et al., 2006; Laird, 2014; Delmar et al., 2018; Cooreman 44 et al., 2019; Waning et al., 2019 ; J. I. Wu & Wang, 2019) . 45
In humans, 21 connexins have been identified and there are at least 16 in mice (Li 46 et al., 2002; Laird, 2014 ) and, of these, Connexin 43 (Cx43) in the most abundant and 47 al., 1997; Huang et al., 1998; Waldo et al., 1999; Xu et al., 2001; Li et al., 2002; Xu et al., 65 2006; Rhee et al., 2009; Francis et al., 2011; Kotini et al., 2018) , the presence of functional 66 gap junctions in the premigratory cranial neural crest cell population, however, remains 67 unknown. Moreover, nearly 80 distinct mutations in Cx43 gives rise to a multisystem 68 developmental disorder called oculodentodigital dysplasia (ODDD), which is 69 characterized by defects in neural crest-derived craniofacial bones (William A. Paznekas 70 et al., 2003 ; W. A. Paznekas et al., 2009; Laird, 2014; Delmar et al., 2018) . Gap junction-71 related disorders of the peripheral nervous system have also been identified, which, in 72 the craniofacial region, are derived from neural crest and placode cells (Hamburger, 1961; 73 Delmar et al., 2018) . 74
The robust expression of Cx43 in premigratory cranial neural crest cells, both 75 before and during EMT, suggests that gap junctions may exist within this cell population 76 to facilitate intercellular communication as these cells dismantle their adherens and tight 77 junctions during EMT (Sauka-Spengler & Bronner-Fraser, 2008; Bronner, 2012; 78 Schiffmacher et al., 2014; Schiffmacher et al., 2016; Schiffmacher et al., 2018) . A recent 79 study in Xenopus cranial neural crest cells identified a 20 kDa isoform of Cx43 (Cx43-80 20k) that trans-activates N-cadherin to promote NCC migration without affecting the 81 premigratory neural crest cell population or EMT (Kotini et al., 2018) . In chick, however, 82 N-cadherin is extinguished very early within the premigratory cranial neural crest cell 83 population and is not expressed by migratory cranial neural crest cells until later in 84 development (Dady et al., 2012) . To further explore a role for gap junctions and Cx43 85 within the cranial neural crest cell population of the chick, we performed live imaging and 86 loss-of-function assays. Our data reveal that functional gap junctions are formed between 87 premigratory and migratory neural crest cells. In addition, depletion of Cx43 is sufficient 88 to inhibit gap junction function in both premigratory and migratory neural crest cells, but 89 this does not overtly affect neural crest cell EMT and early migration. Instead, a reduction 90 in Cx43 resulted in a concomitant loss of Snail2-and Pax7-positive premigratory cranial 91 neural crest cells. Altogether, these data suggest that Cx43 plays a role in influencing the 92 size of the premigratory cranial neural crest cell population in the chick embryo, but, 93 Embryos were subsequently collected between HH8and HH10 (3-10 somite stage). 107 108
Cx43 and mismatch control morpholinos 109
A 3' lissamine-tagged antisense translation-blocking Cx43 morpholino (Cx43MO, 110 5'-CAGGGCACTCCAATCACCCATCTTC-3'), or a 5-base pair mismatch Cx43 control 111 morpholino (Cx43MM, 5'-CAcGGCAaTCCAATaACaCATaTTC-3') (start codon 112 underlined and mismatches shown in lower case), was designed to target the Cx43 113 transcript according to the manufacturer's criteria or serve as a control, respectively 114 (Gene Tools, LLC, Philomath, OR). Both morpholinos were used at a concentration of 115 500 µM as previously described (Fishwick et al., 2012; Schiffmacher et al., 2014) . We 116 confirmed that the morpholinos were specific to Cx43 and did not bind to any other sites 117 by using the NCBI Nucleotide BLAST tool to search the invert complement of the 118 morpholino sequence against the chicken genome, as per Gene Tools' 119 recommendations). Immunoblotting was also performed to demonstrate evidence of 120 Cx43 knockdown (see below). 121 122
Dorsoventral electroporation of the neural crest 123
Dorsoventral electroporation of the neural tube was used to target the entire 124 midbrain premigratory cranial neural crest cell population between HH7 + and HH8 -. To 125 this end, a drop of Ringers Solution (pH 7.4) containing 0.1% Penicillin-Streptomycin 126 (10,000 U/mL; Gibco, 15140122) was applied to the vitelline membrane overlying the 127 embryo. A hole was then made at the edge of the area opaca using a 20-gauge needle. 128
The Cx43 MO or Cx43 control MO was injected between the vitelline membrane and the 129 embryo using fine glass needles to completely flood the area that will give rise to the 130 head. The electrodes were then placed such that the anode was inserted into the hole at 131
In ovo unilateral electroporations 143
Unilateral electroporation of the early chick neural tube was conducted to target 144 premigratory neural crest cells in the midbrain. The Cx43 MO or Cx43 control MO was 145 injected into the lumen of the neural tube of HH7 + and HH8 -(2 or 3 somites) chick 146 embryos using fine glass needles. Electrodes were then placed on either side of the 147 midbrain and two, 25 V, 30 ms electric pulses were applied to the midbrain with a 200 ms 148 refractory period in between (Gemini System, BTX). Following electroporation, the eggs 149 were sealed with tape and parafilm, and returned to the incubator for three to six hours. 150
Embryos were then screened as described above and subsequently fixed using 4% PFA 151 or were processed for subsequent experimental analysis as outlined below. 152
153
Immunoblotting 154
To validate both Cx43 antibodies used in these experiments (Sigma Aldrich, 155 C6219, raised to the carboxy terminus (CT); Abcam, ab78055, raised to the amino 156 terminus (NT)), chick heads were collected from HH8 and 9 (5 somites through to 8 157 somites) wild-type embryos. Similarly, the knockdown efficiency of the Cx43 MO was 158 evaluated by collecting and independently pooling the electroporated and contralateral 159 control half neural tubes from the midbrains of Cx43 MO and Cx43 control MO embryos 160 at the 7 somite stage. Samples were rinsed in Ringer's Solution, centrifuged at 500 g for 161 5 minutes at 4°C, and then snap-frozen in liquid nitrogen. Protein extraction and 162 immunoblotting were then performed as previously described (Schiffmacher et Membranes were incubated in blocking solution (5% dry milk in 1X PBS + 0.1% Tween-176 20 (PTW)) for one hour at room temperature and then incubated overnight at 4°C with 177 the following primary antibodies diluted in blocking solution: CT Cx43 (1:1000 (wild-type); 178 1:5000 (Cx43 MO and Cx43 mismatch MO)) or NT Cx43 (1:1000). Membranes were 179 washed in PTW and then incubated with species-and isotype-specific horseradish 180 peroxidase-conjugated secondary antibodies (40 ng/ml; Jackson ImmunoResearch) in 181 5% blocking solution for one hour at room temperature. Membranes were washed again 182 in PTW and antibody detection was performed using the Supersignal West Pico or Femto 183 chemiluminescent substrates (Thermo Scientific) and visualized using a ChemiDoc XRS 184 system (Bio-Rad). The immunoblots were then stripped using Restore Western Blot 185
Stripping Buffer (Thermo Scientific) for two hours at 37°C and re-probed using a β-actin 186 primary antibody (1:1000; Santa Cruz Biotechnology, sc-46668) and its species-and 187 isotype-specific secondary antibody as described above. Immunoblots were analyzed 188 All cultures were imaged live using a Zeiss LSM800 Confocal with AiryScan 233 detection held within a temperature-controlled unit which was maintained at 37°C and 5% 234 CO 2 for the duration of imaging. Images were acquired using Zen 2.0 (Blue Edition) and 235 processed into videos using Adobe Photoshop CC 2018 and Adobe Premiere Pro CC 236 2018. After live imaging, samples that had been incubated in an 8-well chamber slide 237 were fixed in 4% PFA for one hour at room temperature and prepared for immunostaining. Laboratories, 610181)). The following day, after washing four times for 30 minutes with 250 1X PBST, sections were incubated with appropriate secondary antibodies and incubated 251 for two to three hours at room temperature or overnight at 4°C (goat anti-rabbit IgG 488 252 or 647; Invitrogen, A11034 and Jackson ImmunoResearch, 111-605-003, respectively 253 Following TUNEL, coverslips were mounted with DAPI Fluoromount-G and imaged as 268
Statistical analysis 271
The number of premigratory, migratory, and total neural crest cells were counted 272 in at least five serial, transverse sections from Cx43 MO-or Cx43 control MO-273 electroporated dorsal neural folds and normalized to the number of premigratory, 274 migratory, and total neural crest cells on the contralateral side, as in (Hutchins & Bronner, 275 2018) (see Table 1 for N values). Neural crest cells were identified with either Snail2, 276
Pax7, or Sox10 immunostaining, as described above. A two-tailed Student's t-test was 277 then performed to assess statistical significance. 278
RESULTS

280
Multiple isoforms of Cx43 are present in the chick cranial neural crest 281
A recent study revealed a role for a short C-terminal isoform of Cx43 (Cx43-20k) 282
during Xenopus cranial neural crest cell migration (Kotini et al., 2018) . To define the Cx43 283 isoforms expressed in the chick head prior to and during neural crest cell EMT and 284 migration (HH8 + to HH9 + (5 somite stage (ss) to 8ss)), we performed immunoblotting for 285
Cx43 using an antibody that recognizes the Cx43 C-terminus. These results revealed that 286 only the full-length Cx43 isoform (37 kDa) is present in heads at both the 5ss, in the 287 premigratory neural crest cell population, and at the 6ss, when neural crest cells first 288 begin EMT ( Fig. 1A ). By the 7ss, when cranial neural crest cells are undergoing EMT, we 289 noted a strong band corresponding to Cx43-20k and a lighter band of approximately 11 290 kDa, the latter of which was also identified previously but does not regulate N-cadherin 291 expression (Kotini et al., 2018) ( Fig. 1A) . The expression of the 20 and 11 kDa isoforms 292 is also maintained at the 8ss (Fig. 1A) . To confirm the identify of these bands, we 293 performed immunoblotting for Cx43 using an antibody raised to the Cx43 N-terminus, 294
which yielded a band of 37 kDa, corresponding to full-length Cx43 protein, and no C- To evaluate whether premigratory cranial neural crest cells form functional gap 301 junctions, we examined the passive diffusion of Calcein dye, which only passes between 302 cells via gap junctions (Davy et al., 2006; Abbaci et al., 2008) , between premigratory 303 neural crest cells in vivo containing the Cx43 control MO, which we validated by 304 immunoblotting to have levels of Cx43 similar to the unelectroporated, contralateral 305 control side of treated embryos (Fig. 1C , Cx43 MM EP vs. Cx43 MM CONT). In order to 306 trace the spread of the Calcein between cells that had previously been electroporated 307 with the Cx43 control MO, we co-injected a 1:1 solution of Calcein and Dextran, the latter 308 being unable to pass through gap junctions due to its large size and is thus maintained in 309 cells receiving the Calcein by injection (Ziambaras et al., 1998) . Results of these 310 experiments demonstrated that, in under three hours, Calcein diffused to a small number 311 of surrounding premigratory neural crest cells ( Fig. 2A 
them. 320
To determine whether migratory cranial neural crest cells also form functional gap 321 junctions, we used an ex vivo culturing system to facilitate live imaging of dye passage, 322 or gap junction function, between neural crest cells. To this end, dorsal neural folds 323 (containing premigratory cranial neural crest cells) from either Cx43 control MO-or Cx43 324 MO-electroporated embryos were explanted into chamber slides and combined with 325 dorsal neural folds previously treated with Calcein-AM for 30 minutes (Fig. 3A and K) . 326
After overnight incubation, during which time the neural folds attached to the dish and 327 neural crest cells commenced EMT and migrated, we observed that control MO-treated 328 migratory neural crest cells now possessed Calcein-AM within their cytoplasm due to their 329 contact with adjacent Calcein-treated neural crest cells (Fig. 3C, arrows) . We confirmed 330 that these cells were, in fact, migratory neural crest cells by immunostaining fixed cultures 331 with the HNK-1 antibody (Fig. 3B-E) . We then repeated the experiment but performed live 332 imaging at high magnification throughout the incubation period to observe dye transfer in 333 real time. Through these assays, we showed that when a control MO-containing migratory Next, we conducted the same fixed and live imaging assays described above but Supplemental Video 4). These results demonstrate that migratory neural crest cells also 348 form gap junctions and that a reduction in Cx43 protein levels is sufficient to inhibit gap 349 junction function in this cell population. Intriguingly, as premigratory neural crest cells 350
were electroporated prior to EMT, these data also suggest that Cx43 knockdown is not 351 sufficient to inhibit EMT in an ex vivo culture system. the Cx43 MO reduced the levels of Cx43 in both the dorsal neural folds and the neural 367 tube ( Fig. 4B-B'', arrow) . Surprisingly, however, reduction in the level of Cx43 resulted in 368 a statistically significant decrease in the number of Pax7-( Fig. 4D -D'', arrow; p = 0.007) 369
and Snail2-( Fig. 4F -F'', arrow; p = 0.0001) positive premigratory neural crest cells on the 370 electroporated side compared to Cx43 control MO-electroporated premigratory neural 371 crest cells (Table 1 ; all values were normalized to the contralateral control side prior to 372 statistical analysis as per (Hutchins & Bronner, 2018) ). Interestingly, the reduction in the 373 number of Sox10-positive premigratory neural crest cells ( Fig. 4H -H'', arrow) was not 374 statistically significant (p = 0.2). In addition, we saw no appreciable difference in levels 375 and distribution of E-cadherin (not shown) and N-cadherin (compare Fig. 4I -I'' to J-J''). 376
Importantly, this decreased domain size was not due to any changes in cell proliferation 377 or cell death. Immunostaining with an antibody to phospho-histone H3 (Fig. 5A-B affected (Kotini et al., 2018) . In chick, we have shown that Cx43 is expressed in cranial 436 neural crest cells from HH8through to HH17 during trigeminal ganglion assembly 437 (Jourdeuil & Taneyhill, 2018) . In all of these systems, however, gap junction presence 438 and function in premigratory neural crest cells and those undergoing EMT remained 439 poorly understood, until our studies herein. 440
Our results now show that gap junctions are present in both chick premigratory 441 and migratory cranial neural crest cells and that their function is dependent on Cx43. An 442 approximate 70% reduction in Cx43 levels within the premigratory and migratory cranial 443 neural crest cell populations impeded dye transfer between adjacent neural crest cells. In 444 the presence of Cx43, dye will readily pass from one cranial neural crest cell to an 445 adjacent cell, but this is not observed upon Cx43 knockdown. The presence of Cx43-446 mediated gap junctions in the neural crest could imply a function for gap junction-based 447 communication within the premigratory and migratory cranial neural crest cell populations, 448 which we investigated in more detail in the chick embryo. 449 450
Cx43 knockdown reduces the number of premigratory neural crest cells but does not 451 affect neural crest cell EMT 452
After determining that gap junctions were formed between premigratory and 453 migratory cranial neural crest cells, we next evaluated the function of Cx43 in the embryo 454 during neural crest cell EMT. Strikingly, unilateral electroporation of the Cx43 MO at HH7 + 455 and HH8 -(2-3ss) decreased the number of premigratory cranial neural crest cells but did 456 not affect EMT. In addition, this reduction in the number of premigratory cranial neural 457 crest cells was not due to increased apoptosis or decreased cell proliferation. This is 458 different from what was observed in Xenopus embryos, where Cx43 MO-mediated 459 reduction in the levels of Cx43 had no effect on the premigratory neural crest cell 460 population (Kotini et al., 2018) . It should be noted that while a 70% reduction in Cx43 461 protein levels achieved by the Cx43 MO abrogated gap junction function (i.e., the ability 462 of neural crest cells to transfer dye), it is possible that any residual Cx43 protein may be 463 sufficient to mediate EMT. However, this would likely occur through a gap junction-464 independent function of Cx43 given the robust loss of intercellular dye passage. In 465 addition, we cannot rule out that other connexins expressed in cranial neural crest cells 466 may be capable of compensating for this reduction in Cx43, or function normally to 467 mediate EMT by forming gap junctions. As the introduction of the Cx43 MO inhibited gap 468 junction function and also decreased the number of premigratory cranial neural crest 469 cells, it is possible that the normal function of Cx43-containing gap junctions is to permit 470 the passive diffusion of an intercellular signal(s) required to maintain this cell population. 471
A reduction in Cx43 could also affect hemichannel function, which allows small molecule 472 and ion exchange to occur between the cytoplasm and the extracellular environment and 473 has recently been shown to play a role in extracellular signaling and disease function 474 Interestingly, early studies to examine gap junction function in mouse migratory neural 505 crest cells ex vivo by Lo and colleagues noted that carboxyfluorescein dye-filled cells, 506 which had undergone gap junction coupling, expressed little to no N-cadherin at sites of 507 cell-cell contact, contrary to what they expected to see in emerging neural crest cells (Lo 508 et al., 1997) . Subsequent investigation into the role of N-cadherin during mouse cardiac 509 neural crest cell migration revealed that N-cadherin is expressed at sites of cell-cell 510 contact found between extended cell processes. and that N-cadherin is often co-localized, 511 or closely apposed, to Cx43-positive gap junctions (Xu et al., 2001) . Interestingly, while 512 N-cadherin deficiency also affected gap junction function in neural crest cells, Cx43 was 513 not downregulated (Xu et al., 2001) , and, while N-cadherin appears to be required for 514
Cx43 localization to the cell membrane (Wei et al., 2005) , Cx43 and N-cadherin appear 515
to have separable roles in cardiac neural crest cell migration (Xu et al., 2001) . Additionally, 516 these studies do not suggest a role for Cx43 in N-cadherin transcription, highlighting the 517 diverse function of Cx43 in different species. As Cx43 interacts differently with N-cadherin 518 in both Xenopus and mouse neural crest cells, it is therefore likely that Cx43/N-cadherin 519 interactions may differ among species. 520
In the chick, N-cadherin is expressed in the neural tube but is absent in 521 premigratory neural crest cells prior to EMT (Hatta & Takeichi, 1986; Nakagawa & 522 Takeichi, 1998; Dady et al., 2012; Jourdeuil & Taneyhill, 2018) . Moreover, if N-cadherin 523 is ectopically expressed in trunk premigratory neural crest cells, no neural crest cells 524 undergo EMT (Nakagawa & Takeichi, 1998) . Migratory neural crest cells in the chick, 525 however, express Cadherin-7 (Nakagawa & Takeichi, 1998) . Therefore, the function of 526 the Cx43-20k isoform during early neural crest cell migration in the chick remains to be 527 elucidated as does whether Cadherin-7 can interact with Cx43 in a manner similar to what 528 has been described for N-cadherin in mouse. 529
Remarkably, our study shows a significant reduction in the size of the premigratory 530 cranial neural crest cell population after Cx43 knockdown, which has not been described 531 in other species after loss of Cx43. The reduction in the size of the premigratory cranial 532 neural crest may be due to the loss of gap junction function or loss of a required gap 533 junction-independent function of Cx43. To unravel this, it will be necessary to target earlier 534 stages during the induction and specification of the neural crest; however, our attempts 535 were unsuccessful due to the apparent requirement for Cx43 in proper morphogenetic 536 movements during early chick development. 537
These data also suggest, however, that connexins (and potentially gap junctions), 538 may play different roles in neural crest cell induction, specification, EMT, and migration in 539 different species or different subpopulations of the neural crest (i.e., cardiac versus 540 cranial). As there is robust expression of full-length Cx43 at these stages in chick, and 541 reduction in Cx43 inhibits gap junction function, gap junctions may play a role in 542 These data reveal that both premigratory and migratory cranial neural crest cells 557 possess functional gap junctions in chick and that the function of these gap junctions 558 depends, in part, on Cx43. Furthermore, reduction of Cx43 protein levels between HH7 + 559 and HH8decreases the number of Pax7-and Snail2-positive premigratory neural crest 560 cells but is insufficient to block EMT. This suggests that gap junctions may be needed to 561 maintain the size of the premigratory neural crest cell population but are not required for 562
EMT. As we are unable to achieve complete knockdown of Cx43, however, we cannot 563 determine whether residual Cx43 is serving a non-gap junction-related function and 564 therefore allowing EMT to progress normally. Further study will be required to determine 565 such a role for Cx43 during cranial neural crest cell EMT, as initial experiments to decipher 566 the function of Cx43 during early neural crest cell induction were not fruitful due to large-567 scale developmental abnormalities occurring upon Cx43 knockdown at this stage. 568
Interestingly, we also identified multiple C-terminal isoforms of Cx43 (Cx43-20k and 569
Cx43-11k) in chick cranial neural crest cells during EMT and early migration. A recent 570 paper in Xenopus demonstrated that the Cx43-20k isoform is a transcriptional regulator 571 of N-cadherin, a gene required for neural crest migration in Xenopus. Chick cranial neural 572 crest cells do not require N-cadherin to mediate their early migration, however, suggesting 573 that connexins may play distinct roles in different species. Taken together, these data 574 suggest that connexins, and gap junctions, may be critical for intercellular communication 575
to maintain the appropriate size of the premigratory cranial neural crest cell domain prior 576 to these cells undergoing EMT and migrating to properly pattern the vertebrate embryo. 
